Study objective -The aim of the study was to assess the contribution of adenine nucleotide depletion to postischaemic myocardial dysfunction ("stunned" myocardium).
"stunned" my0cardium.j Since ischaemia produces a depletion in adenine nucleotide pool that lasts for hours or days,4 it was proposed that low tissue ATP, ie, reduced availability of metabolic energy, is the cause of postischaemic myocardial dysfunction.
Several findings challenge this view: accelerated ATP replenishment does not improve mechanical performance, 6 ' and contractile reserve, as estimated by the response to inotropic agents, appears to be normal in the "stunned"
For direct evaluation of the adenine nucleotide depletion hypothesis, it is required that the adenine nucleotide pool is depleted in the absence of ischaemia. Isolated perfused hearts are known to release purine catabolites" l 2 and in working preparations the rate of release is of the order of 50-100 nmol per gram dry weight per minute.I3 "So during prolonged perfusion substantial depletion of adenine nucleotides is expected to occur spontaneously. In the present study we perfused isolated rat hearts with the working heart technique and compared mechanical function, purine release and tissue adenine nucleotides in hearts subjected to prolonged perfusion and in a model of "stunned" myocardium.
Methods
Sprague-Dawley rats of 250-300 g body weight, fed with standard diet, were anaesthetised with a mixture of ether and air, sodium heparin 1000 IU was injected in the femoral vein, and the heart was quickly excised and perfused according to the working heart technique." The preload (height of the atrial chamber) and afterload (height of the aortic chamber) were set at 20 cm and 75 cm respectively, unless otherwise specified. The heart rate, aortic flow, coronary flow, and aortic pressure were monitored (pressure transducer was Gould P23ID, Oxnard, CA, USA). Cardiac output was given by the sum of aortic and coronary flow; minute work was calculated as the product of cardiac output and systolic aortic pressure. Krebs-Henseleit bicarbonate buffer was the perfusion fluid. Its composition (mM) was as follows: NaCl 118, NaHC03 25, KC1 4.5, KH2P04 1.2, MgS04 1.2, CaClz 2.5, glucose 11. The temperature was kept between 37 and 37.4"C and the pH was 7.4.
ANIMALS AND PERFUSION TECHNIQUE ASSAY OF PURINES
Purines were assayed in samples of the perfusion fluid by high performance liquid chromatography (HPLC), as previously de~cribed.'~ Briefly, a pBondapak (Waters Associates, Milford, MA, USA) C-18 column (4x300 mm, particle size 10 p) was eluted isocratically with 50 mM NH4H2P04, pH 6.0, at a flow rate of 1.5 mlmin-', and the concentrations of adenosine, guanosine, inosine, hypoxanthine, xanthine and uric acid were measured on the basis of the absorption at 254 or 292 nm by comparison with appropriate standards.
ASSAY OF NUCLEOTIDES, CREATINE AND PHOSPHOCREATINE
Hearts were freeze clamped by Wollenberger clamps cooled in liquid nitrogen. The tissue was then freeze dried and high energy phosphate com ounds were determined according to Sellevold et al , ' with minor modifications. Briefly, samples of dried ventricle were homogenised by a mechanical homogeniser (Ultra-Turrax) and 6-10 mg of the resulting powder were dissolved into 1 ml of 0.42 M perchloric acid and stirred intermittently on ice for 20 min. After neutralisation (with 220-230 pI of 2 N KOH) and centrifugation (5 min in a chilled Eppendorff centrifuge) the supernatant was used for HPLC assay. The column was the same as used for purine catabolite assay, and the mobile phase contained 215 mM KHzP04, 2.3 mM tetrabutylammonium hydrogen sulphate and 3% acetonitrile, pH 6.25. Flow rate was 1 ml*min-', and the spectrophotometer was set at 206 nm .
OTHER ANALYTICAL PROCEDURES
Lactate dehydrogenase (LDH) was assayed in the perfusion buffer according to standard techniques," using a commercial kit obtained from Sclavo (Siena, Italy).
EXPERIMENTAL PROTOCOL
To obtain a model of "stunned" myocardium, hearts underwent 10 min of control perfusion, then global normothermic ischaemia was produced through the occlusion of the aortic and atrial cannulas. After 5, 10 or 20 rnin the hearts (n=4, 6, 4 respectively) were reperfused in the Langendorff mode (aortic pressure 85 mm Hg) for 10 min and converted again to the working heart mode for another 5 rnin period. In some experiments (n=4, ischaemic time 10 min) postischaemic reperfusion was prolonged to 60 min.
Control hearts were perfused for 1-180 min in the absence of any intervention. Six hearts were perfused for 1 min and three groups of four hearts each were perfused for 60 min, 120 rnin and 180 rnin at standard preload; four hearts were perfused for 180 min at low preload (6 cm). The coronary effluent was usually recirculated, but it was discarded in additional experiments in which hearts were perfused at standard perload for 180 min (n=3).
In each experiment, samples of the perfusion buffer were collected and the concentration of purine catabolites was determined. The release of each catabolite was calculated as the product of its concentration and the volume of the perfusion fluid, or, in non-recirculated perfusions, as (coronary concentration -aortic concentration) x coronary flow. Purine release was given by the sum of adenosine, inosine, hypoxanthine, xanthine and uric acid release (guanosine release was always undetectable). At the end of perfusion, hearts were freeze clamped for nucleotide assay.
Additional hearts were freeze clamped after 10 min control perfusion and 10 or 20 min global normothermic ischaemia (n=3 in each group).
STATISTICAL ANALYSIS
Data are expressed as mean(SEM). Differences amon groups were tested by analysis of variance. Differences between pre-and pos tischaemic values in the same group were evaluated by paired t test.
Results
We tested different ischaemic times in order to choose a proper model of "stunned" myocardium. After ischaemia and reperfusion, heart rate was unchanged, while aortic flow, minute work, systolic aortic pressure and coronary flow were reduced (table I), and remained constant for at least 60 min. The impairment in contractile performance was proportional to the duration of ischaemia. After 10 min ischaemia, aortic flow and minute work decreased by 15-20%, and enzyme release was trivial. Twenty minutes of ischaemia produced further decrease in these haemodynamic variables, but was associated with significant enzyme leakage. We conclude that the 10 (%I rnin ischaemia group is our best experimental model of "stunned" myocardium. During prolonged perfusion performed at low preload, no substantial change occurred in any haemodynamic variable. Basal values were: aortic flow 148(33) ml*min-'.g-'; minute work 20192(2353) mm Hg; coronary flow 61(5) mlmin-'; heart rate 273 (20) beats-min-'. After 180 min, aortic flow, minute work and systolic aortic pressure decreased to 91(4)%, 93(5)% and 92(7)% of basal values, while coronary flow and heart rate increased to 103(4)% and 104(4)%. None of these changes was statistically significant.
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In high preload -prolonged perfusion, average basal haemodynamic variables were as follows: aortic flow 293(17) ml*min-'-g-'; minute work 41141(1278) mm Hg.mlmin-'*g-'; systolic aortic pressure 11 l(4) mm Hg .ml. min-1 .g-1. , systolic aortic pressure 98(5) mm Contractile performance remained stable for about 100 min, and then decreased progressively (fig 1) . After 140-160 min the decrease in mechanical function was similar to the impairment observed after 10 rnin ischaemia: at 160 min, aortic flow, minute work, systolic aortic pressure, and coronary flow decreased to 84(5)%, 74(9)%, 87(2)% and 83(6)% of basal values, while heart rate increased
The use of non-recirculated ZJ recirculating perfusion produced no apparent difference in haemodynamic performance (data not shown). LDH release was negligible during prolonged perfusion, averaging 2(2) U.g-'.h-'.
Ischaemia caused breakdown of purine nucleotides and release of purine catabolites (fig 2, right) . After 10 to 106(3)%. ZCrX=sum of creatine and phosphocreatine, CrP=phosphocreatine, Cr=creatine, NS=not significant. '10 min Langendorff reperfusion followed by S min working heart reperfusion.
min ischaemia and I0 min reperfusion, purine release averaged 3.5(0.4) pmo1.g-I. In prolonged perfusion experiments purine release greatly exceeded this value (fig 2 , left) : after 180 min it averaged 6.3(1.2) and 9.6(1.5) p.mo1.g-' at low and high preload respectively (p<O.OS and p<O.Ol ZJ 10 min ischaemia). In the former group contractile performance was stable, as noted above. In the latter, significant decrease in aortic flow, minute work, systolic aortic pressure, and coronary flow became apparent only when purine release exceeded 8.5 pmo1.g-I (compare fig 1 and fig  23. Overall purine release was unchanged during recirculating z, non-recirculated perfusion (data not shown). The only difference was that, when the coronary effluent was recirculated, nucleosides and bases were further catabolised to uric acid at each passage through the heart, so that the relative contribution of uric acid release to overall purine release increased, as previously reported. l 3
Data on purine release were in close agreement with tissue assay of adenine nucleotides (fig 3) . At the end of ischaemia ATP decreased, while ADP and AMP increased. Adenylate energy charge was greatly depressed, and overall adenine nucleotide pool was reduced. After reperfusion, the depletion in adenine nucleotide pool persisted, but energy charge returned to normal values. Reduced adenine nucleotide pool with normal energy charge was observed also in prolonged perfusion experiments (table 11) .
The creatine-phosphocreatine pool was not significantly affected by either ischaemia-reperfusion or prolonged perfusion. However, the phosphocreatineicreatine ratio, which decreased during ischaemia, was significantly increased in postischaemic recovery and slightly increased during low preloadprolonged perfusion (table 111) .
Discussion
The cause of persistent contractile impairment which follows myocardial ischaemia in the absence of irreversible injury ("stunned" myocardium) is unknown. Adenine nucleotide pool is reducedY4 [19] [20] [21] [22] owing to breakdown of nucleotides during ischaemia and loss of purine catabolites during reperfusion. Recovery of normal contractile function occurs after a lag which roughly parallels the time necessary for reconstitution of a normal nucleotide Therefore it was proposed that reduction in adenine nucleotides could account for the functional impairment of the "stunned" myocardium.
Several findings are difficult to reconcile with this hypothesis: postischaemic contractile recovery is only weakly correlated with tissue adenine nucleotides, if the effects of extracellular calcium concentration and lactate accumulation are taken into account;24 mechanical performance does not improve after accelerated ATP replenishment,6 and the response of the "stunned" myocardium to inotropic agents8-" or raised extracellular calcium25 is normal.
To obtain conclusive evidence against the adenine nucleotide depletion hypothesis, adenine nucleotides should be depleted in the absence of ischaemia, and no change in contractile performance should ensue. The prolonged perfusion model fulfils these requirements. The adenine nucleotide pool can be depleted to the same extent or even to a greater extent than in the "stunned" myocardium, with no change in mechanical performance. During prolonged perfusion no change occurred in any haemodynamic variable until the adenine nucleotide pool was depleted by over 8.5 pmo1.g-'. In a model of "stunned" myocardium, aortic flow, minute work, aortic pressure, and coronary flow were significantly depressed, and adenine nucleotide depletion was remarkably lower (about 3.5 pmol.g-'). Both the haemodynamic impairment and the decrease in adenine nucleotide pool were consistent with the results obtained by other investigators" 22 in similar postischaemic preparations. In all our groups adenine nucleotide depletion was in close agreement with overall purine release, and adenylate energy charge was unchanged.
The reason for the relatively high basal rate of purine release observed in isolated hearts, which exceeds the rate of de novo purine synthesis,26 is not well known. Purine catabolism appears to be increased in vitro, and a likely cause is the limited oxygen supply which can be provided by crystalloid haemoglobin free perfusion media. However, no signs of hypoxic injury, ie, mechanical impairment or release of intracellular enzymes, can be found in the isolated heart.
The adenine nucleotide depletion hypothesis could be preserved, only introducing the speculation that different nucleotide pools are depleted after ischaemia and during prolonged perfusion. This speculation is hard to defend, since different lines of evidence suggest that in both models adenine nucleotide depletion concerns chiefly the same compartment, namely the cytosolic one. The other known compartments are mitochondrial nucleotides and contractile protein bound nucleotides, accounting for 20% and 5% of overall adenine nucleotides re~pectively.~~ Mitochondria1 and cytosolic nucleotides are functionally separated,28 since the transport of high energy phosphate bonds from mitochondria to cytosol is mediated by the phosphocreatine-creatine shuttle.29 Direct and indirect evidence suggests that the enzymes responsible for adenine nucleotide degradation, namely S'nucleotidase and AMP deaminase, are located in the cytos01.~~ 30 31 Therefore depletion of mitochondrial adenine nucleotides can occur only in extreme pathological conditions, as confirmed by experimental results.27 32 The affinity of contractile proteins for adenine nucleotides is high, and contractile protein bound nucleotides are minimally depleted in tissue injury.27 Nuclear magnetic resonance measurements support these statements, showing that adenine nucleotide breakdown is associated with preferential depletion of the cytosolic ~0 0 1 .~~~~ Further evidence against the relevance of adenine nucleotide depletion to contractile dysfunction was provided through the infusion of 2-deoxyglucose in isolated hearts, in which energy metabolism was supported by pyruvate or 37 Under these conditions phosphate was trapped in 2-deoxyglucose-6-phosphate, with progressive reduction in the adenine nucleotide pool. Some impairment in contractile performance did occur, but it seemed out of proportion to nucleotide depletion, which ranged from 75% to over 90%. In this model, free energy of ATP hydrolysis and the phosphocreatinekreatine ratio were reduced, which is not a feature of either the "stunned" myocardium2' 22 3&41 or our prolonged perfusion model.
The question of what is the minimum level of adenine nucleotides required for normal cardiac function is a difficult one to answer. In high preload prolonged perfusions, haemodynamic variables finally decreased. Such decrease cannot be due to the accumulation of toxic catabolites in the perfusion buffer, since it was observed also during nonrecirculated perfusion. Depletion of tissue adenine nucleotides might be responsible for this event, but intracellular accumulation of inorganic phosphate and variations in intracellular pH might also play a role.
The creatine -phosphocreatine pool was not depleted after ischaemia and reperfusion, nor during prolonged perfusion. Phosphocreatinekreatine ratio increased in the "stunned" myocardium, in agreement with previous reports of increased phosphocreatine in postischaemic recovery.2' 22 4(L42 Primary reduction in energy demand causes an increase in the phosphocreatinekreatine ratio, as long as energy supply (ATP production) is preserved, while primary reduction in energy supply leads to a decreased phosphocreatinekreatine ratio.42 So these findings support the view that in the "stunned" heart contractile dysfunction is not due to limited nucleotide availability. Lower mechanical work is also the likely cause of the slight increase in the phosphocreatinei creatine ratio observed in the low preload group.
In summary, the adenine nucleotide depletion theory is not able to account for our results. It seems likely that the "stunned" myocardium is associated with primary reduction in energy consumption. Recently we observed persistent abnormality in sarcoplasmic reticulum function in postischaemic recovery, which could lead to reduced availability of calcium for the contractile process. 43 The present study suggests that further investigations on contractile mechanisms and excitation-contraction coupling have the best chances to provide a clue to the pathogenesis of the "stunned" myocardium. 
